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ABSTRACT

Using measurements from the Department of Energy’s Atmospheric Radiation Measurement Program, a mod-
ified ground-based remote sensing technique is developed and evaluated to study the impacts of the subadiabatic
character of continental low-level stratiform clouds on microphysical properties and radiation budgets. Airborne
measurements and millimeter-wavelength cloud radar data are used to validate retrieved microphysical properties
of three stratus cloud systems occurring in the April 1994 and 1997 intensive observation periods at the Southern
Great Plains site.

The addition of the observed cloud-top height into the Han and Westwater retrieval scheme eliminates the
need to invoke the adiabatic assumption. Thus, the retrieved liquid water content (LWC) profile is represented
as the product of an adiabatic LWC profile and a weighting function. Based on in situ measurements, two types
of weighting functions are considered in this study: one is associated with a subadiabatic condition involving
cloud-top entrainment mixing alone (type I) and the other accounts for both cloud-top entrainment mixing and
drizzle effects (type II). The adiabatic cloud depth ratio (ACDR), defined as the ratio of the actual cloud depth
to the one derived from the adiabatic assumption, is found to be a useful parameter for classifying the subadiabatic
character of low-level stratiform clouds. The type I weighting function only exists in the lower ACDR regime,
while the type II profile can appear for any adiabatic cloud depth ratio.

Results indicate that the subadiabatic character of low-level stratiform clouds has substantial impacts on
radiative energy budgets, especially those in the shortwave, via the retrieved LWC distribution and its related
effective radius profile of liquid water. Results also show that this subadiabatic character can act to stabilize the
cloud deck by reducing the in-cloud radiative heating/cooling contrast. As a whole, these impacts strengthen as
the subadiabatic character of low-level stratiform clouds increases.

1. Introduction

The significance of low-level stratiform clouds to the
planetary radiation balance is due to their persistence
and coverage, and their effect on the planetary albedo.
On the annual average, their fractional coverage is about
25% of the globe (Hartmann et al. 1992). It has been
estimated that a change of low-level cloud cover, or
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cloud albedo, by only a few percent could offset or
double the greenhouse warming (Ramanathan et al.
1989). Therefore, accurate representation of these
clouds in global climate models (GCMs) is critically
important.

To this end, the Department of Energy’s (DOE’s) At-
mospheric Radiation Measurement (ARM) program em-
ploys specialized surface-based remote sensors to im-
prove the parameterization of these clouds. Such mea-
surements are performed at several locations around the
world, including the Southern Great Plains (SGP) area
of the United States. Using data from a combination of
surface-based sensors, it is possible to develop micro-
physical retrieval algorithms that provide information
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FIG. 1. Ratios of observed liquid water content profiles from air-
borne measurements to their adiabatic values. The vertical coordinate
is the scaled height between the cloud base and cloud top. The lines
connecting circles indicate samples of marine stratus (adapted from
Nicholls and Leighton 1986); squares, marine stratocumulus (Al-
brecht et al. 1985); asterisk, stratus over an island (Ishizaka et al.
1995); and diamonds, small cumulus (Cotton 1975). The D in each
profile stands for the cloud depth. The thick dashed line separates
the regimes for type I and type II adiabatic LWC ratio profiles.

about particle size and number density in clouds com-
posed of either ice or liquid.

In many microphysical retrieval algorithms, infor-
mation about the detailed internal microphysical struc-
ture of clouds is determined by relating the profile of
millimeter-wavelength cloud radar (MMCR) reflectivity
to some aspect of the cloud particle spectrum. However,
such a relationship has not yet been resolved for low-
level liquid clouds. Therefore, the radar reflectivity pro-
file of liquid clouds must be related to the retrieved
liquid water content (LWC) with additional assump-
tions, such as the shape of the droplet spectrum (Frisch
et al. 1995), the adiabatic condition, and no hydrometeor
fallout (Liao and Sassen 1994; Paluch et al. 1996).

Furthermore, routine application of the most sophis-
ticated microphysical retrieval schemes can be impeded
by the contamination of microwave radar reflectivities
by echoes from insect and biological debris entrained
into low-level stratiform clouds as occurs at the ARM
SGP site during the warm season. Consequently, it is
of value to use algorithms that do not require a radar
reflectivity profile as the principal measurement to ob-
tain usable information.

There exist cloud retrieval algorithms that do not rely
on radar reflectivity profiles (e.g., Han and Westwater
1995, hereafter referred to as the HW scheme; Dong et
al. 1997). These algorithms are designed to estimate
microphysical properties at locations where microwave
radar measurements are unavailable, and rely on data
from active and passive sensors and radiative transfer
models as constraints. Inevitably, this type of algorithm
contains more assumptions since active measurements
of the internal cloud properties are not usually obtain-
able. Furthermore, solar irradiance data are required in
Dong’s algorithm, so this technique can only be applied
during the daytime.

In the HW scheme, the retrieved LWC profile is de-
rived based on the adiabatic assumption. On occasion,
this scheme works quite well for some stratus and stra-
tocumulus clouds, which are nearly adiabatic (Albrecht
et al. 1990). However, many in situ measurements of
these clouds show that the adiabatic LWC ratio, defined
as the ratio of LWC to its adiabatic value, decreases
with height from the cloud base to the cloud top (Al-
brecht et al. 1985; Nicholls and Leighton 1986; Rogers
and Telford 1986; Ishizaka et al. 1995). In extreme cas-
es, this ratio can be as low as 0.1–0.2 near the cloud
top. Many earlier studies have documented the cause of
the subadiabatic character of low-level clouds as being
the result of vertical and/or lateral mixing processes,
and the drizzle effect (Cotton 1975; Deardorff 1980;
Albrecht et al. 1985; Chen and Cotton 1987).

Airborne measurements of stratus and stratocumulus
clouds over oceans and islands indicate that vertical
distributions of the adiabatic LWC ratio profiles gen-
erally fall into two distinct categories (Fig. 1). One set,
referred to as type I, is nearly adiabatic near the cloud
base, but begins to drop off rapidly near the cloud top,

while the other one, labeled type II, varies in an opposite
sense. Both types of adiabatic LWC ratio profiles can
exhibit substantial subadiabatic character. The vertical
variations of type I adiabatic LWC ratio profiles agree
well with the anticipated impact of cloud-top entrain-
ment mixing. The general character of type II adiabatic
LWC ratio profiles is similar to that of small cumulus,
in which both cloud-top and lateral entrainment mixing
processes are important mechanisms leading to the de-
pletion of liquid water. However, it is generally believed
that lateral entrainment is less important in the low-level
stratiform clouds. It would, therefore, be interesting to
know in this study whether the drizzle effect is the main
factor to cause the difference of these two types of adi-
abatic LWC ratio profiles.

The subadiabatic character of low-level stratiform
clouds was also reported in midlatitude continental cases
(Politovich et al. 1995). This study showed that low-
level clouds with strong subadiabatic character (ratio of
the integrated LWC to its adiabatic value is less than
50%) account for about 65% of the cloud population.
In addition, approximately 50% of these clouds had an
adiabatic cloud depth ratio (ACDR), defined as the ratio
of the actual cloud depth to the one derived from the
adiabatic assumption, greater than two. Therefore, the
use of the adiabatic assumption in the retrieval tech-
niques can lead to a noticeable underestimation of the
cloud depth and an overestimation of the maximum
LWC for a significant portion of low-level clouds. As
a result, the inappropriate retrievals of cloud micro-
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physical properties may have substantial impacts on the
in-cloud heating profile and radiative transfer due to the
strong cloud–radiation interaction.

In this paper, we demonstrate a cloud retrieval tech-
nique without using microwave radar measurements as
the requirement to retrieve the internal cloud structure.
This technique is developed by modifying the HW
scheme to provide a more realistic portrayal of the re-
trieved liquid water for low-level liquid clouds with
substantial adiabatic character. This new retrieval tech-
nique is evaluated using measurements from the DOE’s
ARM program at the SGP site. The applicability of this
new algorithm depends on the availability of the cloud-
top heights. There are, of course, situations when cloud-
top height information may be unavailable from a mi-
crowave radar because of echo contamination. There-
fore, cloud-top height information from other sources,
such as lidars, wind profilers, and radiosondes, enables
this retrieval algorithm to be used in a variety of cir-
cumstances. However, this information should be de-
termined with caution due to the inherent limitation of
each instrument.

The main objective of this study is to assess the im-
pacts of the subadiabatic character of low-level strati-
form clouds on cloud microphysical properties and ra-
diation budgets by examining the sensitivity of the re-
trieved cloud structure to cloud optical properties and
radiative transfer. The modified HW retrieval algorithm
acts as a diagnostic tool to this end. Another objective
is to evaluate the feasibility of using radiosonde and
ground-based remote sensor data to retrieve micro-
physical properties of low-level stratiform clouds at the
boundary facilities of the SGP site, where MMCR data
are unavailable.

The paper is organized as follows. Section 2 describes
the instruments and observations used to develop and
to validate the modified HW retrieval scheme. The de-
tails of this retrieval scheme, which eliminates the need
to use the adiabatic assumption in the retrieved LWC
profiles, is presented in section 3. Section 4 shows com-
parisons of retrieved microphysical properties with ob-
servations, and their impacts on cloud optical properties
and radiation budgets. A summary and discussion fol-
low in section 5. For simplicity in describing the figures
with the vertical profiles of any physical variables, the
vertical axis shown in heights is referred to the mean
sea level unless otherwise mentioned.

2. Instruments and observations

a. Instruments

In this study, the HW scheme is used as a ground-
based tool to retrieve the cloud microphysical properties
of low-level stratiform clouds at the central facility (C1)
of ARM’s SGP site. Along with the use of the adiabatic
assumption (i.e., no mixing and no fallout of condensed
moisture), the HW scheme adopts data from a suite of

ground-based sensors to determine the cloud-top height,
and profiles of water vapor and LWC. These instruments
provide the following inputs to the HW scheme: 1) two
microwave brightness temperatures from a dual-channel
microwave radiometer, one at a vapor sensitive fre-
quency of 23.8 GHz and the other at a water sensitive
frequency of 31.4 GHz; 2) virtual temperature from a
radio acoustic sounding system; 3) cloud-base height
from a laser ceilometer; and 4) surface temperature,
pressure, and humidity from conventional surface me-
teorological instruments.

Note that the virtual temperature in this study is given
from the radiosonde data, which have greater vertical
extent and resolution than the data retrieved from a radio
acoustic sounding system. The noise level of retrieved
the liquid water path (LWP) of the microwave radi-
ometer is 0.003 mm. However, any statistical retrieval
is essentially a multiple linear regression, which is in-
volved in a residual error. In this LWP retrieval, the
residual error or theoretical accuracy of the instrument
is 10 times the noise level. An LWP of 0.03 mm re-
trieved from a microwave radiometer could be clear sky.
Any LWP above this threshold value is considered as
a detectable quantity for the cloudy condition. When
the retrieved LWP exceeds 1 cm, this reading is treated
as an invalid report. Such a large value of LWP is not
physically possible, and it indicates a serious failure of
the retrieval, most likely due to drizzle or rainfall stand-
ing on the instrument.

The products retrieved by the HW scheme, such as
water vapor density profile, LWC profile, integrated wa-
ter, vapor and LWC, are obtained through an iteration
process, which involves both statistical and physical re-
trievals (see the upper part of Fig. 2). In this study, the
statistical retrieval is based on an ensemble of 17 218
radiosonde soundings from Oklahoma City, Tinker
AFB, and Norman, Oklahoma, during the springtime of
1966–92. These sounding stations are located about
110;130 km to the south of the central facility of the
SGP site. The readers are referred to Han and Westwater
(1995) for further details of the instruments and the
retrieval algorithm.

With a modification resulting from the addition of
cloud-top height information into the retrieval algorithm
(see the lower part of Fig. 2), the original applications
of the HW scheme can be expanded to include low-level
clouds having substantial subadiabatic character as is
often observed in stratus and stratocumulus clouds.

Instruments aboard the Pacific Northwest National
Laboratory’s Gulfstream and the University of North
Dakota’s Citation aircrafts provided data on the in situ
microphysical properties of low-level stratiform clouds
near the central facility of the SGP site for validation
purposes. These measurements include 1) LWC from a
King probe and a forward scattering spectrometer probe
(FSSP) on the Citation, 2) LWC from a King probe and
a particle volume monitor system (PVM) on the Gulf-
stream, and 3) mean volume radii of cloud droplets (rv)
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FIG. 2. A schematic diagram of the system used to retrieve profiles
of temperature T(z), water vapor rv(z), cloud liquid water rL(z), adi-
abatic cloud liquid water rLpad(z), integrated water vapor V, and in-
tegrated cloud water L from measurements of microwave brightness
temperatures Tb at 23.8 and 31.4 GHz, virtual temperature profile
Tv(z), cloud-base height zcb, cloud-top height zct, surface temperature
Ts, relative humidity RHs, and pressure Ps; rv(0) and rv(zcb) are water
vapor density at the surface and cloud-base height, respectively. The
flow chart above the dashed line is adapted from Han and Westwater
(1995). Extension of the HW scheme is accomplished with the ad-
dition of a new methodology shown in section 3.

TABLE 1. Lists of available airborne and millimeter-wavelength
cloud radar measurements. Information in parentheses identifies the
date and the aircraft used in the collection of data for each case.
Superscript asterisks indicate a mismatch between in situ measure-
ment and the analysis periods for case B, and plus signs for the poor
data quality of case C. Other notations are described in the text.

Case A
(Citation)

(30 Apr 1994)

Case B
(Citation)

(9 Apr 1997)

Case C
(Gulfstream)

(12 Apr 1997)

King
FSSP
PVM
MMCR

LWC
LWC, ry, N
—
—

*LWC
*LWC, *ry, *N
—
dBZ

1LWC, 1re, 1N
—
LWC, 1re

dBZ

FIG. 3. Vertical profiles of LWC measured by a King probe in a
stratus cloud near the central facility of the SGP site on 30 Apr 1994
during a flight by the University of North Dakota Citation aircraft.
Times are indicated by h:min:s.

and droplet number concentrations (N) from the FSSP
probe on the Citation. Radar reflectivity data from
ARM’s millimeter-wavelength cloud radar are also used
to help validate the retrieved in-cloud microphysical
properties.

b. Observations

Three stratus cloud systems, observed at the central
facility of ARM’s SGP site on 30 April 1994 (referred
to as case A), 9 April 1997 (case B), and 12 April 1997
(case C) are considered in this study. These cloud sys-
tems developed under different boundary layer condi-
tions. Cases A and C occurred in a well-mixed boundary
layer, with case A being in a warmer, moister environ-
ment than case C. Case B was associated with a de-
coupled boundary layer, accompanied by a low-level
surge of cold, dry air outbreak starting at 0200 UTC 9
April 1997 or so (elaborated upon shortly).

In situ measurements from the Citation aircraft were
available to validate cases A and B, and the Gulfstream
aircraft provided airborne data for case C. Also, the
millimeter-wavelength cloud radar was operating during
cases B and C (see Table 1). The cloud system on 9
April 1997 (case B) was sampled by the Citation aircraft
only during its dissipation stage, but the substantial su-

badiabatic character of this stratus cloud appeared ear-
lier. Therefore, the retrieved cloud properties in cases
A and C can be verified using in situ measurements,
while these properties in case B can only be validated
using millimeter-wavelength cloud radar data.

Airborne measurements of case A from the Citation
were available every second. To mitigate the impact of
multiple penetrations of different cloud tops in a spiral-
up flight path, 10-s running-averaged data are used to
alleviate horizontal variation of airborne measurements
and to compare with the retrieved microphysical prop-
erties (Fig. 3).

The in situ data of case C from the Gulfstream were
also available every second. However, the King LWC
probe worked improperly and other microphysical prop-
erties, such as the effective size of cloud droplets (re)
and the droplet number concentration (N), were either
questionable or unavailable. As a result, the only mi-
crophysical property that could be used for validation
was the PVM-measured LWC. This LWC profile (Fig.
4a) exhibits a complicated seesaw pattern near the cloud
tops during an ascending flight path. Unlike the Cita-
tion’s spiral-up flight path in case A, the Gulfstream
went through a series of ascents and descents between



JULY 2000 2515C H I N E T A L .

FIG. 4. As in Fig. 3 except for the stratus cloud in case C occurring
on 12 Apr 1997 during a flight by the Pacific Northwest National
Laboratory’s Gulfstream aircraft.

FIG. 5. Vertical profiles of radiosonde-measured data for case A at C1 of the ARM SGP site at 2100 UTC 30 Apr 1994: (a) temperature
and dewpoint temperature, (b) equivalent potential temperature (ue) and water vapor mixing ratio (qv), and (c) zonal and meridional components
of the horizontal velocities. Thick dashed lines mark the cloud-top (ZT) and cloud-base heights (ZB), determined by the soundings and the
ceilometer, respectively. The modified temperature profile, marked by the solid line above the temperature inversion layer in (a), is used for
a sensitivity experiment described in Fig. 17b.

1.65 and 1.70 km to sample aerosols so as to satisfy
another aspect of the flight mission. Combined with
rapid changes in cloud-top heights (shown in section
4a), the use of a temporal average of the measured LWC
data would provide a misleading picture in the vertical

structure of composite LWC profile. Therefore, only
subsets of the 1-s data at the very beginning and end
of this flight path (Fig. 4b) are used for comparison
against the retrieved LWC profiles. Millimeter-wave-
length cloud radar data are also used to help validate
this case.

As far as the modified retrieval algorithm is con-
cerned, the cloud-top information can be obtained from
any instrument. To demonstrate the capability of this
modified retrieval algorithm in providing microphysical
properties without using microwave radars, the cloud-
top height estimated from the radiosonde measurements
is used in this study. As in the HW scheme, the cloud
base information required to run the retrieval algorithm
is given from the ceilometer, instead of being given from
the sounding profile as a result of the sensor saturation
problem near the cloud base.

Radiosonde data (such as temperature, dewpoint tem-
perature, horizontal winds) available every 3 h, and sur-
face observations and ground-based remote sensor mea-
surements at 5-min intervals, were used to retrieve the
microphysical and optical properties of stratiform
clouds. In addition, millimeter-wavelength cloud radar
data were obtained from four operational modes over
36 s. Clothiaux et al. (1999) indicated that this temporal
resolution provides an accurate depiction of clouds in
a vertical column above the radar. As seen in the mil-
limeter-wavelength cloud radar, all three of these cloud
systems were single-layer stratus clouds, located be-
neath an inversion layer aloft (Figs. 5a, 6a, and 7a).
Although the inversion layer in case C is less evident
than the ones in the other two cases, substantial vertical
gradients of temperature and/or moisture near the cloud
top enable us to use radiosonde data for determining the
cloud top.

The thermodynamical structure in case B reveals a
decoupling of cloud and subcloud layers (Fig. 6b),
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FIG. 6. As in Fig. 5 except for case B at 0900 UTC 9 Apr 1997.

FIG. 7. As in Fig. 5 except for case C at 1900 UTC 12 Apr 1997.

which differs significantly from their counterparts in
cases A and C (Figs. 5b and 7b) as a result of a cold,
dry air intrusion of a high pressure system from Canada
(Fig. 8). Therefore, the cold air beneath the cloud base
and the subsidence warming above the cloud top in case
B cause a sharp discontinuity in the equivalent potential
temperature (ue profile near the cloud top and cloud
bottom (Fig. 6b). Due to sufficient wind shear near the
cloud boundaries, these sharp discontinuities are, to
some extent, weakened by the mixing process (Fig. 6c).
This cooling/heating contrast can also act to stabilize
the cloud layer. In contrast, the ue profiles in cases A
and C remain nearly constant in coupled cloud and sub-
cloud layers.

3. Modified retrieval scheme

As shown in Fig. 1, profiles of measured LWCs in
both marine and continental low-level stratiform clouds
often exhibit substantial subadiabatic character. There-
fore, a methodology that extends the applicability of the
HW scheme for retrieving the microphysical properties
of low-level clouds is proposed in this study. The ad-
dition of cloud-top height information into the HW

scheme eliminates the need to invoke the adiabatic as-
sumption, while two other constraints of the HW scheme
(i.e., a single-layer cloud and the cloud temperature
warmer than 2208C) remain in effect. This limitation
is, however, fairly justified for the low-level stratiform
clouds considered.

In this modified cloud retrieval scheme, the LWC
profile is represented by the product of an adiabatic
LWC profile and a weighting function. This weighting
function, also called the adiabatic LWC ratio (ALWCR)
profile, is defined as the ratio of the retrieved LWC
profile to its adiabatic value. The adiabatic LWC profile
is determined from the HW scheme once the cloud-base
height from a ceilometer and the integrated LWC from
a microwave radiometer are provided. As seen in the
observations, there exist two distinct types of weighting
functions (Fig. 1). Both types of weighting functions
can be expressed in the same form, given by f (ẑ) 5
exp(2a · ẑb), where ẑ is the scaled height within the
cloud deck, and a and b are two positive constants
representing the departure of LWC from its adiabatic
value and the curvature of the weighting function, re-
spectively. As discussed earlier, we postulate that the
type I adiabatic LWC ratio profile only accounts for
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FIG. 8. The presynoptic condition of case B stratus cloud. Surface
weather map at 0000 UTC 9 Apr 1997.

FIG. 9. Vertical profiles of the weighting functions for varied parameters a and b: (a)–(c) b . 1 for the type I weighting function, (d)–(f )
b , 1 for the type II weighting function.

cloud-top entrainment mixing, while the type II profile
considers both mixing and drizzle effects.

Figure 9 shows the sensitivity of the vertical variation
of the weighting function to parameters a and b. As
shown in this figure, the general character of adiabatic
LWC ratio profiles is primarily determined by the pa-
rameter b. A value of b . 1 represents a type I weight-
ing function, while b , 1 corresponds to a type II adi-
abatic LWC ratio profile. Results also indicate under the

given parameter a the change of each type of weighting
functions due to the varied parameter b is not trivially
small although this change is much smaller than its
counterpart with the varied a under the given b. How-
ever, the parameter b is interrelated to a in determining
the weighting function for the given LWP and cloud
depth in this retrieval algorithm. As a result, any type
of weighting functions with a larger b would have a
larger a to keep LWP the same in the cloud deck. Due
to the self-adjustment feature of this retrieval algorithm,
the weighting functions of each type with different b
values would be very close to each other, and their
difference exists mainly in the lower half of the cloud
deck, where the adiabatic LWC is small. Therefore, the
difference between retrieved LWC profiles with varied
b values is fairly small. Using the data from case A,
the impact of this change on the retrieved LWC profiles
is 4.8% and 6.2% for the maximum values of type I (b
5 2 and 4) and type II (b 5 0.25 and 0.5), respectively.
As a result, the parameter b is treated as an insensitive
parameter to the retrieved LWC profiles, and set as a
constant (b 5 4 for type I and b 5 0.5 for type II) to
represent the general character of the weighting function
in this study.

Referring to Fig. 1, there might exist a mixed type
of observed adiabatic LWC ratio profiles in the right
portion of Fig. 1 (e.g., the one labeled D 5 340 m),
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FIG. 10. Vertical profiles of retrieved LWCs based on radiosonde
and remote sensor data from case A at 2100 UTC 30 Apr 1994 at
the central facility of the SGP site, and specified cloud-top heights
(represented by different adiabatic cloud depth ratios) under the given
liquid water path (LWP).

where type I and type II variations appear in the upper
and lower parts of the mixed type weighting function,
respectively. It is not certain whether the subtle variation
in the lower part of this mixed type weighting function
is due to the uncertainty of in situ measurements. To
gauge this impact, a sensitivity test with the mixed type
weighting function (i.e., type I in the upper portion and
type II in the lower part) was conducted and compared
with the results using type I and type II weighting func-
tions, respectively. Results (not shown) indicate that the
retrieved LWC profile using the mixed type weighting
function is very close to the one using the type I adi-
abatic LWC ratio profile. This result is not surprising
because most of the LWC in low-level clouds appears
in the upper part of the cloud deck. Therefore, this study
only uses two types of weighting functions to charac-
terize the subadiabatic character of the retrieved LWC
profiles.

Based on in situ measurements as shown in Fig. 1,
the adiabatic LWC ratio is assumed to be zero at the
cloud top and unity at the cloud base. The weighting
function for each type of adiabatic LWC ratio profile is
thus uniquely known via an iteration process (see the
lower part of Fig. 2). This iteration process determines
the corresponding parameter a under the given cloud
geometry (i.e., cloud-base and cloud-top heights) and
integrated LWC. The tolerance of the cloud-top height
difference between retrieved and observed ones is set
to 5 m in the iteration process.

Using the data from case A and different prescribed
cloud-top heights, the general solutions of this cloud
retrieval algorithm for the given LWP and the cloud-
base height are summarized in Fig. 10. This figure clear-
ly indicates that both types of LWC profiles can exist
in the low adiabatic cloud depth ratio regime (i.e.,
ACDR # 1.25). The vertical structures of both types of

retrieved LWCs are very different; each type II profile
exhibits a monotonic increase of LWC with height
above the cloud base, followed by a rapid dropoff near
the cloud top, while the type I profile is a skewed-
parabolic distribution of LWCs within the cloud deck.
The patterns of these retrieved LWC profiles in the low
adiabatic cloud depth ratio regime were also observed
in marine stratiform clouds (Slingo et al. 1982) since
the majority of these clouds appear to have small
ACDRs or weak subadiabatic character. Another inter-
esting feature of this figure is that the altitudes of max-
imum LWC of type I and type II profiles separate farther
as the adiabatic cloud depth ratio increases.

When the adiabatic cloud depth ratio exceeds a
threshold value of 1.25, the iteration process cannot
converge for the type I weighting function since the
difference of retrieved and observed cloud-top heights
cannot fall into the specified tolerance level. Therefore,
only the type II adiabatic LWC ratio profiles can exist
and their vertical distribution changes noticeably. For
the case with a very large adiabatic cloud depth ratio
(say, ACDR $ 2.5 where the adiabatic LWC ratio is
about 0.1 near the cloud top), the retrieved type II LWC
profile tends to be more uniform throughout the cloud
deck. This type of LWC profile is an indication of having
substantial subadiabatic character throughout the cloud
deck, and has been observed in a marine stratiform cloud
sheet (Nicholls and Leighton 1986). For an adiabatic
cloud depth ratio of 3.0, the retrieved adiabatic LWC
ratio near the cloud top is as low as 0.058, which is
rarely observed in the low-level stratiform clouds.
Therefore, this large adiabatic cloud depth ratio value
might be viewed as the upper limit of low-level strat-
iform clouds. The overall features of Fig. 10 also appear
in the cases with different LWPs (e.g., cases B and C;
not shown) observed in other ARM April intensive ob-
servation periods (IOPs).

As a whole, both type I and type II LWC profiles are
the possible solutions of the retrieved cloud structure
when the LWP is only slightly less than its adiabatic
value (i.e., high adiabatic LWP ratio case). In other
words, this cloud retrieval algorithm appears to be ill-
posed in the low adiabatic cloud depth ratio regime.
Therefore, there is no unique solution in this circum-
stance unless additional information, such as the pres-
ence of drizzle, is available. This information can be
given from airborne measurements or millimeter-wave-
length cloud radar. When the LWP is much less than
its adiabatic value (i.e., low adiabatic LWP ratio case),
the iteration process does not converge for the type I
profile, so the type II profile is the only solution.

Between the two extremes outlined above, the choice
of weighting functions is arbitrary and can be made on
the basis of the adiabatic cloud depth ratio or the adi-
abatic LWP ratio; both are measures of the degree to
which the liquid water content is less than that predicted
on the basis of the adiabatic assumption. Regardless of
which measure is used, the threshold value is a critical
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FIG. 11. As in Fig. 3 except for the droplet number concentrations
measured by the FSSP during case A. Here, N is the approximated
profile used for retrieving the effective radius of droplets in this study.

FIG. 12. Vertical profiles of retrieved and in situ measured micro-
physical properties for case A: (a) LWC, and (b) effective radius (re)
of liquid water.

parameter that causes the algorithm to switch the re-
trieved solutions from the multiple modes of solutions
to the single mode regime. Based on sensitivity tests
using ARM data from several April IOPs, this threshold
value is found to be 0.6 for the adiabatic LWP ratio and
1.25 for the adiabatic cloud depth ratio.

Along with the droplet number concentration (N)
from the observations, the information shown in Fig.
10 can also be used to gauge the impact of retrieved
cloud microphysical properties on radiation budgets
(elaborated upon in section 4b). To determine the optical
properties of low-level stratiform clouds, it is necessary
to know the effective radius of cloud droplets (re). Fol-
lowing Martin and Johnson (1992), we use re 5 1.15 · rv

in this study; the factor of 1.15 is based on observations
of the continental air mass from the First ISCCP (In-
ternational Satellite Cloud Climatology Project) Re-
gional Experiment; FATE First ATSR (Along Track
Scanning Radiometer) Tropical Experiment, and around
the United Kingdom. The mean volume radius of cloud
droplets (rv) is given by

1/30.75LWC
,1 2pNrw

where rw is the liquid water density.
Due to the great variation of observed N between

ocean and continent, and impacts from anthropogenic
pollution (e.g., Twomey et al. 1984; Leaitch et al. 1992),
it remains a research effort to parameterize N. Therefore,
an approximated profile of N to the observed is used in
this study to derive the re profile under the given re-
trieved LWC, and to examine the sensitivity of different
weighting functions to the retrieved microphysical and
optical properties of low-level stratiform clouds. This
droplet number concentration profile is formulated by
N0 · [sin(t · ẑ)]1/2, where N0 is given by the maximum
value of the observed N profile and ẑ the normalized

scale height within the cloud deck. The square root of
the distribution accounts for the rapid decrease of N
near the cloud boundaries and nearly constant N within
the remainder of the cloud deck. Figure 11 exhibits both
the observed and approximated N profiles of case A.
Although the observed profile shows more small-scale
fluctuations, the approximated N profile is frequently
seen in marine stratus and stratocumulus clouds (Slingo
et al. 1982; Nicholls 1984; Noonkester 1984; Martin et
al. 1994; Albrecht et al. 1995). Similar to the retrieved
LWC profile, the observed re profile of case A does not
exhibit an evident change near 1.25 km (see Figs. 11
and 12); this might arise from the offsetting effect of
observed LWC and N on re.

In addition to the radiation transfer model required
for the determination of integrated water vapor and
LWC in the HW scheme (Westwater 1978), another ra-
diation model (Fu and Liou 1993; Fu et al. 1997) is
used to diagnose cloud optical properties, and to com-
pute longwave (LW) and shortwave (SW) radiation flux-
es and heating/cooling rates. These radiation calcula-
tions assume the plane-parallel cloudy atmosphere. This
assumption was recently assessed by Fu et al. (2000),
using a three-dimensional (3D) broadband solar radia-
tion model to examine the cloud geometry effect. Their
results showed that the cloud 3D structure has little
effects on the atmospheric absorption of solar radiation.
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FIG. 13. As in Fig. 5 except for the mixing ratio of total water (qT: water vapor plus liquid water) and liquid water static energy (hw:
represented by temperature): (a) case A, (b) case B, and (c) case C.

4. Results

a. Retrieved microphysical properties and
comparisons with observations

Figure 12 compares the retrieved and measured ver-
tical structures of liquid water contents and effective
radii of liquid water for case A. As shown in Fig. 10,
both type I and type II weighting functions are possible
solutions for case A since its adiabatic cloud depth ratio
(1.2) is less than the threshold value. In spite of the finer
structure of the observed LWC distribution near 1.25
km, the retrieved LWC profile using a type I weighting
function with a 5 1.375 appears to agree best with the
observed LWC profiles from the King and FSSP probes.
In regard to this finer in-cloud structure, which might
be caused by the collection process of cloud water by
drizzle, the type I weighting function is, however, in-
capable of representing this mechanism. Further, the
millimeter-wavelength cloud radar was not in operation
so cloud radar reflectivity data were unavailable to con-
firm whether this structure was real or a consequence
of spatial sampling limitations of the aircraft observa-
tions.

As discussed earlier, the type I weighting function is
the result of cloud-top entrainment mixing, where the
subadiabatic character of in-cloud LWC depends on the
entertainment rate of the dry air above the cloud-top
inversion layer and its thermodynamical state (Dear-
dorff 1980; Albrecht et al. 1985). In case A, the retrieved
adiabatic LWC ratio near the cloud top is 0.28, which
is close to the values found in many stratiform clouds
over islands and oceans (e.g., Albrecht et al. 1985; Nich-
olls and Leighton 1986; Ishizaka et al. 1995). Without
considering the subadiabatic character of stratiform
clouds, the HW scheme can significantly overestimate
the retrieved maximum LWC by about 67% for case A.
This difference can be even greater in the cases that
have larger adiabatic cloud depth ratios, such as the one
in case B.

With the given maximum droplet number concentra-
tion from the observations (N0 ; 500 cm23 in case A)

and the retrieved LWC profiles (i.e., type I, type II, and
adiabatic), re profiles can be determined from the water
mass conservation equation. Note that due to the dif-
ferent retrieved cloud depths, the resulting N distribution
used for the adiabatic LWC profile differs from its coun-
terpart corresponding to type I and type II LWC profiles.
Results indicate that all the retrieved re profiles show a
similar shape to that of the observed distribution, which
exhibits a maximum re near the cloud top although the
pattern of the retrieved type I LWC profile substantially
differs from the type II and adiabatic LWC distributions
(Figs. 12a,b). Based on the re equation, it is not sur-
prising that both type II and adiabatic LWC distributions
yield similar re profiles since their maximum LWCs are
located near the cloud top. In contrast, a similar retrieved
re profile derived from the type I LWC distribution is
due to the consequence that the specified N distribution
near the cloud top decreases faster than the LWC profile.
Among all the retrieved re distributions, the type I pro-
file agrees best with the observed maximum re. Similar
to the LWC estimation, the HW scheme can overesti-
mate the retrieved maximum re by about 43% if the
subadiabatic character of stratiform clouds is not con-
sidered.

Vertical profiles of the mixing ratio of total water
(water vapor plus liquid) and liquid water static energy
for case A are shown in Fig. 13a. Both variables remain
nearly constant below 1.4 km, but change substantially
aloft with height below the cloud top. This retrieved
stratus cloud is nearly adiabatic two-thirds of the way
up from the cloud base, but the subadiabatic character
associated with cloud-top entrainment mixing becomes
apparent in the remaining one-third of the cloud deck
with the minimum adiabatic LWC ratio occurring near
the cloud top. The thermodynamical structure of this
continental stratus resembles its counterpart observed
in marine stratus-topped, well-mixed boundary layers,
where both type I and type II LWC profiles can exist
(Albrecht et al. 1985, 1995).

In contrast to case A having a stratus-topped well-
mixed boundary layer, case B exhibits decoupled cloud
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FIG. 14. Vertical profiles of retrieved LWCs for case B.

and subcloud layers (Fig. 13b). The rapid decrease of
total water mixing ratio with height above 1.35 km in
case B is an indication of the strong subadiabatic char-
acter. As discussed in Fig. 10, the large adiabatic cloud
depth ratio of case B (ACDR 5 3.0) allows only one
solution to exist (i.e., type II weighting function with
a 5 2.91). This solution leads to a rather uniform dis-
tribution of LWCs throughout most of the cloud deck,
except for a thin layer near the cloud base (Fig. 14). A
similar LWC distribution with substantial subadiabatic
character was also observed in a marine stratiform cloud
(Nicholls and Leighton 1986). Without considering this
subadiabatic character, the HW scheme can overestimate
the retrieved maximum LWC by a factor of 4.2 for this
large adiabatic cloud depth ratio case.

As mentioned earlier, there are no in situ measure-
ments available to validate the retrieved LWC profile
in case B, but cloud radar reflectivity data can provide
supplemental evidence for this purpose. The cloud-top
height (above ground level) inferred from the MMCR
at 0900 UTC 9 April 1997 is consistent with the one
shown in the retrieved LWC profile (height in mean sea
level) using the radiosonde data (Figs. 14 and 15a). A
recent study indicates that the radar reflectivities of
cloud and drizzle fields have very little overlap and are
well separated by a threshold intensity around 215 dBZ
(Frisch et al. 1995). Therefore, the maximum radar re-
flectivity of case B at 0900 UTC (about 13 dBZ) in-
dicates the existence of drizzle in this stratus cloud, and
strongly supports the retrieved type II LWC profile (Fig.
15a).

Due to the synoptic condition involved, it is believed
that this decoupling was mainly caused by a low-level
surge of cold and dry air outbreak associated with a
southward-moving high pressure system from Canada
(see Figs. 6 and 8). The intrusion of this low-level cold
and dry air to the SGP site started at 0200 UTC or so.
As a result, the moisture supply from the low levels to
the cloud formation was cut off, leading eventually to

the demise of the cloud layer due to its decoupling with
the subcloud layer. The resulting temperature contrast
between the warming above the inversion layer and the
cooling in the subcloud layer due to the cold air surge
provides an additional mechanism to stabilize the cloud
layer. Similar phenomena have been reported in some
marine stratus and stratocumulus cases (Nicholls 1984).

The temporal scale of synoptic-scale forcing seems
not to support the initial formation of case B stratus by
the frontal lifting. The warmer and moister surface air
at the central facility of the SGP site ahead of the cold
and dry air surge shown in Fig. 8 suggests that case B
might have a well-mixed boundary layer at the initial
stage around 0200 UTC or so. The coarser temporal
resolution of radiosonde data is, however, unable to con-
firm the cause of the initial formation of stratus in this
case.

To accommodate the limited in situ measurements of
case C (see Fig. 4), the radiosonde data at 1800 UTC
and 2100 UTC 12 April 1997 are interpolated to 1900
UTC and then combined with the data from remote
sensors to retrieve the microphysical properties of the
existing stratus. Similar to case A, a stratus-topped well-
mixed boundary layer also existed in case C. However,
this boundary layer is in a colder, drier regime so that
the moisture supply for the cloud formation is less than
its counterpart in case A (Figs. 5 and 7). As a result,
the microwave radiometer in case C shows a very small
LWP of 0.047 mm, while this magnitude is above the
detectable limit.

As explained in section 2, a simple time average of
the airborne data of case C provides a misleading picture
on the vertical structure of the measured LWC profiles.
Therefore, only two ascending subsegments of the in
situ measured LWC profiles near 1900 UTC (in 1-s
intervals) are used for comparison with the retrieved
profiles (Fig. 16). Results indicate that the retrieved
cloud depth differs substantially from the in situ mea-
sured depth, mainly due to the difference in cloud-base
heights. Nonetheless, millimeter-wavelength cloud ra-
dar and ceilometer data at 1900 UTC show consistent
information of the cloud geometry (i.e. cloud top and
cloud base, respectively) with the retrieved cloud prop-
erties (Figs. 15b and 16); this suggests that the stratus
in case C might have prominent horizontal inhomoge-
neity around the central facility of the SGP site.

As in case A, the small adiabatic cloud depth ratio
of case C (ACDR 5 1.14) allows both type I and type
II weighting functions to exist in the retrieved LWC
profiles. The retrieved type II LWC profile (a 5 0.313),
however, appears to be in better agreement with the
measured distribution near the upper portion of the
cloud deck, as does the retrieved maximum LWC. The
existence of light drizzle in this case is again supported
by millimeter-wavelength cloud radar data, which show
a maximum radar reflectivity of 212 dBZ at 1900 UTC
(Fig. 15b). The application to case C is beyond the limit
of a more sophisticated microphysical retrieval scheme
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FIG. 15. Vertical profiles of MMCR reflectivity. Heights are shown in terms of above ground
levels (AGL). Asterisks masks the cloud-base height given by the Belfert laser ceilometer: (a) case
B, (b) case C.

FIG. 16. As in Fig. 12a except for case C. Flight times for PVM-A
and PVM-B are shown in Fig. 4.

(Frisch et al. 1995), in which the accuracy of retrieved
microphysical properties seriously degrades as LWP is
less than 0.1 mm or when drizzle exists. As compared
to case A, the application of the HW scheme to case C
leads to weaker overestimation of the retrieved maxi-
mum LWC (22% vs 67%) in this smaller adiabatic cloud
depth ratio case (ACDR 5 1.14 vs 1.2).

b. Impact of retrieved microphysical structures on
radiation transfer

In this section, the impact of the departure of a liquid
water profile from its adiabatic value on the radiative
transfer is evaluated. Vertical resolution of radiation cal-
culations within the cloud is the same as that of the
retrieved microphysical properties, which have a grid
spacing of 10 m at the vertical boundaries and a constant
resolution of 58 m throughout the rest of the cloud deck.
The spirit of this assessment is to demonstrate that sim-
ply assuming an adiabatic LWC profile and computing
the cloud properties on this basis can result in significant
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TABLE 2. Design of experiments for the radiation calculations of set 1. The mean LWC is based on the running mean of LWCs in the
cloud deck, weighted by the in-cloud grid resolutions, and mean re is derived from the water mass conservation equation under the given
mean LWC and droplet number concentration.

Exp LWC profile re profile Remarks

a
b
aq1
ar1
aqm

arm

aqmrm

Type I
Type II
Type I 1 0.1
Type I
Mean of type I
Type I
Mean of type I

Type I
Type II
Type I
Type I 1 1.0
Type I
Mean of type I
Mean of type I

Increase LWC by 0.1 g m23 every cloudy layer
Increase re by 1 mm every cloudy layer
Use mean LWC (0.305 g m23) in every cloudy layer
Use mean re (6.05 mm) in every cloudy layer
Use mean LWC and re in every cloudy layer

TABLE 3. As in Table 2 except for the experiments of set 2.

Exp LWC profile re profile Depth ratio

ap1.15
ap1.25
bp1.15
bp1.25
bp1.5
bp2.0
bp2.5
bp3.0

Type I
Type I
Type II
Type II
Type II
Type II
Type II
Type II

Type I
Type I
Type II
Type II
Type II
Type II
Type II
Type II

1.15
1.25
1.15
1.25
1.5
2.0
2.5
3.0

radiative transfer discrepancies if the profile is actually
subadiabatic. For this exercise, the radiation calculations
are based solely on retrieved microphysical properties
(LWC and re) of case A due to the availability of com-
prehensive in situ measurements.

Two sets of sensitivity experiments (set 1 and set 2)
are performed to gauge the impacts of microphysical
structures and subadiabatic characters of low-level strat-
iform clouds on radiative energy budgets. These impacts
includes SW cloud albedo (based on Liou 1992), LW
and SW cloud radiative forcings (defined as 2↑F clear

, where F↑ is the upward flux at the top of the↑F cloudy

atmospheric column), net surface upward LW and
downward SW fluxes, and radiative heating and cooling
rates near the cloud boundaries. Details of the experi-
mental design for these sensitivity experiments are
shown in Tables 2 and 3. The experiments of set 1 focus
on the sensitivity of radiative transfer to the types of
retrieved microphysical structures, and the other set of
experiments (set 2) address the radiative repercussions
in various limiting circumstances, such as those in large
and small adiabatic cloud depth ratios.

As discussed earlier, in situ measurements of case A
support the type I retrieved LWC and re profiles (see
Fig. 12). The subadiabatic character of this stratus cloud,
which has a small adiabatic cloud depth ratio of 1.2,
leads to a stronger shortwave cloud radiative forcing
(SWCRF) and a weaker net surface downward SW flux
than their adiabatic counterparts by 9.0 W m22 and 5.3
W m22, respectively (see expt a in Table 4). Based on
a global annual mean coverage of low-level stratiform
clouds of 25% (Hartmann et al. 1992) and a half-day
mean of the zenith angle of 608, our calculations indicate
that the difference between the estimated global-mean

SWCRFs of case A and its adiabatic counterpart can be
as large as 21.13 W m22. This magnitude is even larger
than the direct effect of anthropogenic sulfate aerosols
on global climate (20.2 to 20.9 W m22), estimated by
Chuang et al. (1997).

The smaller effective radius of liquid water in the
type I profile also leads to a stronger cloud albedo than
its adiabatic counterpart by 1.3% (67.4% vs 66.1%) as
a result of larger cross-sectional area for single scatter-
ing. However, the reduced re in the type I profile results
in weaker cloud absorption than the adiabatic one by
0.6% (22.5% vs 23.1%). As a result, the net surface
downward SW flux is weaker in experiment a than in
the adiabatic counterpart. This re impact on cloud albedo
and absorption is consistent with earlier studies of water
clouds with LWPs greater than 0.05 mm (Stephens
1978; Liou and Wittman 1979; Slingo 1989).

In contrast, the impact of re profiles on longwave
cloud radiative forcing (LWCRF) and net surface up-
ward LW flux is much smaller than their SW counter-
parts. This result is due to the fact that water cloud acts
nearly as a blackbody when the LWP is greater than
0.05 mm (Stephens 1984). Also, the subadiabatic char-
acter of stratus clouds affects its stability through ra-
diative cooling and heating near the cloud top and cloud
base, respectively. As compared to the adiabatic con-
dition, the weaker cooling/heating rate contrast (DḢ) of
2.96 K h21 in the retrieved type I microphysical structure
is in response to the dominant weakening of LW cooling
near the cloud top. As a result, the retrieved cloud struc-
ture with the adiabatic assumption can overestimate the
destabilizing effect of the radiative process in low-level
stratiform clouds.

Along with the daily mean consideration, the SW
cloud radiative forcing of experiment a is 2159.1 W
m22, which is much stronger than the its LW counterpart
(23.0 W m22). This small LWCRF is due to the low
altitude of stratiform clouds in trapping less outgoing
LW radiation. Although both SW and LW forcings of
low-level stratiform clouds are much weaker than those
of upper-level optically thick cirrus anvils (e.g., Wong
et al. 1993; Chin 1994; Chin et al. 1995), these low-
level clouds can have a stronger net cooling effect on
the earth–atmosphere system due to the canceling effect
of two comparably large cloud radiative forcings of up-
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TABLE 4. Longwave and shortwave cloud radiative forcing (W m22), SW cloud albedo (apSWcld; %), and net surface upward LW and
downward SW fluxes (F and F in W m22) for the experiments of set 1. Results are calculated using a surface albedo of 0.2 and a↑ ↓

LWpsfc SWpsfc

zenith angle of 608. The numbers shown are the deviations from those of the adiabatic experiment (22.5 W m22, 2309.1 W m22, 66.1%,
27.0 W m22, and 73.6 W m22, respectively). The temperature change rates (K h21) of maximum SW heating and LW cooling at the cloud
top (ḢSWpZt and ḢLWpZt), LW heating at the cloud base (ḢLWpZb), and cooling/heating rate contrast between the cloud top and the cloud base
(DḢ 5 ḢSWpZt 1 ḢLWpZt 2 ḢLWpZb) are deviations from those of the adiabatic experiment (2.01 K h21, 210.23 K h21, 0.7 K h21, and 28.92
K h21, respectively).

Exp LWCRF SWCRF apSWcld F↑
LWpsfc F↓

SWpsfc ḢSWpZt ḢLWpZt ḢLWpZb DḢ

a
b
aq1
ar1
aqm

arm

aqmrm

0.5
20.2

0.5
20.6

0.5
0.7
0.7

29.0
25.1

221.8
0.5

29.3
221.4
218.8

1.3
0.8
2.8

20.1
1.4
3.2
2.8

0
0.1

20.5
0.2

20.8
0.2

20.7

25.3
23.4

221.0
3.6

25.8
215.0
212.2

21.07
20.33
20.79
21.09
20.87
20.94
20.73

4.03
1.08
2.5
4.23
2.88
2.94
1.75

0
20.05

0.24
20.01

0.82
0
0.87

2.96
0.80
1.47
3.15
1.19
2.00
0.15

per-level anvils. Therefore, low-level stratiform clouds
play an important role in the planetary radiation balance.

Similar to the adiabatic microphysical structure with
larger re near the cloud top, experiment b with the type
II retrieved profiles exhibits weaker SWCRF and cloud
albedo (by 3.9 W m22 and 0.5%, respectively), and
stronger in-cloud cooling/heating rate contrast (by 2.16
K hr21) than those in experiment a (Table 4). The
SWCRF difference of 23.9 W m22 between type I and
type II retrieved microphysical structures in Table 4 is
equivalent to 20.49 W m22 in the global annual-mean
estimation, which falls in the middle range of the direct
effect of anthropogenic sulfate aerosols, given by
Chuang et al. (1997). Results of experiment b suggest
that correct retrievals of cloud microphysical properties
are still an important consideration in SW radiation bud-
gets of global climate and in-cloud longevity.

As the LWP of cloud changes in experiment aq1 the
increasing LWP substantially enhances SW fluxes and
albedo. This LWP impact also acts to further destabilize
the in-cloud stratification. In contrast, the larger re in
experiment ar1 reduces the cloud albedo and its re-
sulting SW fluxes as shown in Slingo (1989), but this
impact has little effect on in-cloud radiative heating/
cooling contrast.

The last three experiments of set 1 (expt aqm, expt
arm, and expt aqmrm) are designed to assess the impact
of constant in-cloud LWC and re profiles, which are
widely used in numerical models with coarser vertical
grid resolution. As compared to experiment a, results
indicate that the use of constant in-cloud LWC and/or
re profiles leads to stronger SW fluxes, cloud radiative
forcing, and cloud albedo than those with more detailed
microphysical structures. However, these impacts are
predominated by constant in-cloud re (see Table 4). In
addition, both mean LWC and mean re profiles act to
enhance SW heating and LW cooling effects near the
cloud top, while the LW heating effect near the cloud
base is mainly caused by the mean LWC profile. As a
result, the use of constant in-cloud LWC and/or re pro-
files appears to strengthen the radiative in-cloud heating
contrast as compared to that of experiment a.

As discussed in section 3, the type I LWC profile only
exists for ACDR , 1.25, while its counterpart in type
II can exist in all ACDRs. For the adiabatic cloud depth
ratio of 3, the adiabatic LWC ratio of type II near the
cloud top can be less than 0.1, which is rarely observed.
Therefore, this value of ACDR can be viewed as the
upper limit of low-level stratiform clouds. Figure 17
shows the upper limits of the subadiabatic impact of
stratus cloud in case A on SW cloud albedo, and SW
and LW fluxes in terms of their deviations from their
adiabatic values for each type of retrieved microphysical
structures. Both type I and type II microphysical struc-
tures show a consistent pattern of SW albedo and flux
changes with the adiabatic cloud depth ratio (Fig. 17a);
both SWCRF and SW albedo are enhanced with the
increasing adiabatic cloud depth ratio mainly because
of the resulting change in re as shown in Fig. 10. As in
experiment a of set 1, the resulting smaller re in the
experiments of set 2 weakens the cloud absorption as
the adiabatic cloud depth ratio increases, but this impact
is weaker than its albedo counterpart. Therefore, net
surface SW flux decreases as the adiabatic cloud depth
ratio becomes large. Results also indicate that for the
same adiabatic cloud depth ratio, the subadiabatic im-
pacts of the type I microphysical structures on SW al-
bedo and SW fluxes are stronger than their type II coun-
terparts. The upper limits of the subadiabatic impacts
of these retrieved microphysical properties on SW al-
bedo and SWCRF are 5.3% and 236.3 W m22, re-
spectively. With the global annual-mean estimation, this
upper limit of SWCRF change (24.54 W m22) is com-
parable to the greenhouse warming effect (4 W m22) in
the double CO2 scenario (Manabe and Stouffer 1980;
Washington and Meehl 1984).

As mentioned earlier, water clouds with the LWP
greater 0.05 mm behave as blackbodies so that the su-
badiabatic impact of low-level clouds on LW fluxes are
generally much less than their SW counterparts for all
adiabatic cloud depth ratios (Fig. 17b). Besides, this LW
flux impact is stronger on LWCRF than on the net sur-
face flux due to the fact that the effective cloud-base
height changes little with the adiabatic cloud depth ratio,
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FIG. 17. Deviations of (a) SW fluxes and SW cloud albedo and (b) LW fluxes from adiabatic values, as defined in Table 4 at varied ACDRs
for the experiments of set 2. LWCRFpM is the calculated LW cloud radiative forcing using the modified temperature profile as shown in
Fig. 5a.

FIG. 18. The temperature change rates of maximum SW heating
and LW cooling at the cloud top (ḢSWpZt and ḢLWpZt), LW heating at
the cloud base (ḢLWpZb), and cooling/heating rate contrast between the
cloud top and the base (DḢ ) at varied ACDRs for the experiments
of set 2.

but the cloud top varies substantially. It is worth point-
ing out that unlike LW net surface fluxes, the resulting
type II LWCRF variation exhibits an inconsistent
change with the cloud structures. Further sensitivity
tests indicate that this inconsistent LWCRF variation is
caused by a temperature inversion above the cloud top
(see Fig. 5a) since this inversion structure remains un-
changed in the experiments of set 2 as the retrieved
cloud structures vary with the adiabatic cloud depth

ratio. Without this inversion structure, the calculated
type II LW cloud radiative forcing, labeled LWCRFpM
in Fig. 17b, is persistently enhanced as the adiabatic
cloud depth ratio increases.

The variations of SW heating and LW cooling rates
at the cloud top (ḢSWpZt and ḢLWpZt, respectively), LW
heating rate at the cloud base (ḢLWpZb), and the in-cloud
cooling/heating rate contrast (DḢ) with the adiabatic
cloud depth ratio are shown in Fig. 18. Both radiative
heating and cooling effects near the cloud top and cloud
bottom decrease with the increasing adiabatic cloud
depth ratio for type I and type II microphysical struc-
tures. Therefore, the resulting in-cloud cooling/heating
contrast shows similar variation with the adiabatic cloud
depth ratio. This suggests that the subadiabatic character
of low-level stratiform clouds acts to stabilize the cloud
deck and that this impact strengthens, as the subadi-
abatic character becomes stronger.

5. Summary and discussion

In this paper, we demonstrate a cloud retrieval tech-
nique without using microwave radar measurements as
the requirement to retrieve the internal cloud structure.
This technique is developed by adding cloud-top height
information into the HW scheme to provide a more
realistic portrayal of the retrieved liquid water for low-
level stratiform clouds with substantial adiabatic char-
acter. As a result, the modified HW scheme eliminates
the need to invoke the adiabatic assumption on the re-
trieved LWC profiles.

Using measurements from the DOE’s ARM program
at the central facility of the SGP site, we evaluate this
modified ground-based remote sensing technique and
use it to study the impacts of the subadiabatic character
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of low-level stratiform clouds on the cloud microphys-
ical properties and radiative energy budgets. Airborne
measurements and millimeter-wavelength cloud radar
data are also used to validate retrieved microphysical
properties. Results show that observed and retrieved
microphysical properties are in fairly good agreement
in both weak and strong subadiabatic conditions.

Based on the availability of airborne measurements
in the ARM intensive observation periods, three stratus
cloud systems occurring on 30 April 1994 (case A), 9
April 1997 (case B), and 12 April 1997 (case C) are
selected in this study. These cloud systems developed
under different boundary layer conditions, but all of
them were accompanied by a cloud-top inversion layer.
The liquid water path (LWP 5 0.182, 0.144, and 0.047
mm for case A, B, and C, respectively) and the suba-
diabatic character (ACDR 5 1.2, 3.0, and 1.14, re-
spectively) of these clouds differ from case to case.

In this study, the modified cloud retrieval algorithm
is represented by the product of a weighting function
and an adiabatic LWC profile. Based on in situ mea-
surements, two types of weighting functions are con-
sidered in this study: one is associated with a subadi-
abatic condition involving cloud-top entrainment mix-
ing alone (type I) and the other accounts for both cloud-
top entrainment mixing and drizzle effect (type II).
While both types of weighting functions have very dif-
ferent vertical structures, they can be expressed in the
same form given by f (ẑ) 5 exp(2a · ẑb). Our calcu-
lations indicate that the general character of the weight-
ing function is primarily determined by the parameter
b (b . 1 for type I and b , 1 for type II). As a result
of the insensitivity of b to each type of retrieved LWC
profiles, b is treated as a constant in this study (b 5 4
for type I and b 5 0.5 for type II). Thus, the given type
of weighting function is uniquely determined by the
corresponding a via an iteration process under the given
cloud geometry (i.e., cloud-base and cloud-top height)
and integrated LWC.

Our results show that the adiabatic cloud depth ratio
is a useful parameter for classifying the subadiabatic
character of low-level stratiform clouds. The type I
LWC profile only exists in lower adiabatic cloud depth
ratio conditions, while the type II LWC profile can ap-
pear for any adiabatic cloud depth ratio. As a result,
this cloud retrieval algorithm appears to be ill-posed in
the low adiabatic cloud depth ratio regime. Therefore,
there is no unique solution in this circumstance unless
additional information, such as the presence of drizzle,
is available. This information can be given from air-
borne measurements or millimeter-wavelength cloud ra-
dar to finalize the more appropriate solution in the low
adiabatic cloud depth ratio regime.

As in the HW scheme, the usefulness of this modified
cloud retrieval algorithm is still limited to single-layer
clouds. Although this limitation is fairly justified in this
study, further study on the statistics of single-layer struc-
tures in low-level stratiform clouds is needed to assess

the performance of this retrieval algorithm to wider ap-
plications. Another limitation of the HW scheme on the
temperature range of clouds warmer than 2208C might
be influenced in this modified retrieval algorithm due
to the addition of radiosonde data in determining the
cloud-top height in this study. This problem might arise
when the temperature inversion above the cloud top is
not evident and/or the humidity sensor does not work
properly due to the existence of ice clouds. However,
the cloud-top height information from other sources en-
ables this modified retrieval algorithm to be used in a
variety of circumstances.

Results also indicate that the subadiabatic character
of low-level stratiform clouds has substantial impacts
on cloud heating/cooling rates and radiative energy bud-
gets (particularly in shortwave) via the retrieved LWC
distribution and its related effective radius (re) profile
of liquid water. With the global annual-mean estimation,
the adiabatic assumption of these clouds in the low adi-
abatic cloud depth ratio regime (ACDR , 1.25) can
underestimate the shortwave cloud radiative forcing by
a magnitude greater than the direct effect of anthro-
pogenic sulfate aerosols on climate shown by Chuang
et al. (1997). For an extreme case (ACDR 5 3.0), this
difference can be as large as the greenhouse warming
effect in the double CO2 scenario; however, this esti-
mated SWCRF change should be viewed with caution
since the global mean of low-level stratiform clouds
cannot have such a large adiabatic cloud depth ratio. In
addition, the impact caused by different types of re-
trieved microphysical properties in the low adiabatic
cloud depth ratio regime is still important in SW radi-
ation budgets and in-cloud longevity. Results further
show that this subadiabatic character can act to stabilize
the cloud deck by reducing the in-cloud radiative heat-
ing/cooling contrast. As a whole, these impacts strength-
en as the subadiabatic character of low-level stratiform
clouds increases. Therefore, the subadiabatic character
of low-level stratiform clouds and their related micro-
physical structures are important in studying radiative
energy budgets and cloud longevity.

Results further suggest that for numerical models with
coarser vertical resolution, such as GCMs, the calibra-
tion of in-cloud constant re treatment should be taken
into account in the radiative transfer parameterization
as a result of its substantial influence on overestimating
SW cloud albedo and SWCRF. Based on the water mass
conservation, the effective radius of liquid water is de-
pendent upon LWC and the number concentration of
liquid water. Even for numerical models that have fine
vertical resolutions to predict the detailed structure of
LWC profiles, the parameterization of re to appropriately
represent the subadiabatic impact of low-level stratiform
clouds is impaired by the great spatial variation of N,
particularly between oceans and continents, and the im-
pact from anthropogenic pollution (e.g., Twomey et al.
1984; Leaitch et al. 1992). Therefore, the success of
parameterizing re largely relies on the better represen-
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tation of N. Although progress toward this effort has
been made (e.g., Martin et al. 1994), the generality of
the relationship between re and N in low-level strafiform
clouds requires more research effort.
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